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PREFACE 
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by M i d w e s t  Research I n s t i t u t e ,  Kansas City, Missouri, under Project No. 2669-E, 
f o r  the National Aeronautics and Space Administration's Manned Spacecraft 
Center under Contract No. NAS9-1059. The User's Manual i s  a supplement t o  
the  Final Report, which describes the over-all project  e n t i t l e d ,  "Orbiting 
S a t e l l i t e  Surface Temperature Prediction and Analysis." 
over the perled fro= 4 Febmzry 1963 t o  3 February 1964. 

The work w a s  performed 

Mr. Harold L. Finch, Project Leader, developed the theory and worked 
on a l l  phases of the program. M r .  Duncan Sommerville supervisedthe programing. 

M r .  Roger Schroeder contributed t o  the select ion of an applicable set  
of reference coordinate systems. M r .  Dean Lawrence performed the numerical 
analysis.  Others who made s ignif icant  technical contributions were Dr. Harry 
Sauer, Mr. Gary Sears, and Miss Rosemary Moran. 
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The computer program described i n  t h i s  User's Manual w a s  developed 

The purpose of t he  program i s  t o  determine 
by Midwest Research I n s t i t u t e  f o r  the National Aeronautics and Space Administra- 
t i o n ' s  Manned Spacecraft Center. 
impinging radiat ion heat  loads and/or t ransient  temperatures of vehicles E/ 
orbi t ing the  moon, ear th ,  o r  any other planet, except Pluto. 

h e  of the  Imique features of the  program i s  the a b i l i t y  t o  compen- 
sa t e  fo r  surface temperature gradients of the c e l e s t i a l  body being orbited,  
thereby making the  program especial ly  applicable t o  pro jec t  Apollo and other 
moon programs. 

Spinning, planet-oriented, or sun-oriented vehicles can be evaluated. 
t o  200 surface elements having various combinations of e ight  coatings and 

Material thermophysical propert ies  substrates  can be analyzed i n  each case. 
may be constant or temperature-dependent. 

The i n i t i a l  project  did not consider heat exchange between surface 
elements; however, the program can be expanded t o  be compatible with ex is t ing  
heat conduction programs. Programming has been acne i n  FORTRAN t o  f a c i l i t a t e  
such modifications. 

kmdreds of hypothetical  t e s t  cases were m t o  check out spec i f ic  
The Lunar Excursion routines and f'unctions as w e l l  as the  over-al l  program. 

Module moon vuyage, being planned fo r  the l a t e  1960's, w a s  simulated on the 
cmputer.  The r e su l t s  confirmed the importance of the program's a b i l i t y  t o  
account fo r  the moon's surface temperature gradients.  
large e r ro r s  i n  determining lunar thermal emission and resul ted i n  improved 
vehicle temperature predictions,  i n  one case by f100'R. 
time-temperature curves t h a t  c losely approximated the ac tua l  curves of the  
EWlurer and Vanguard s a t e l l i t e s .  

This feature eliminated 

Simulated runs gave 

- -4 
&A/,( ' - I !  I 

4 a/ The term "vehicle" i s  used t o  denote a l l  manned and unmanned s a t e l l i t e s ,  
spacecraft ,  and other objects i n  o rb i t .  
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LIST OF SYMBOLS 

a 

b 

cP 

DEC 

G 

h 

i 

MP 

Qg 

RA 

P r 

T 

TP 

t 

-? 

6 

E 

- Semimajor axis of e ’gpse  

- Semiminor axis of e l l l p s e  

- Specific heat  

- Declination (iatitxc5e of six w . r . t .  

- Gravi ta t ional  constant 

- Thickness of vehicle skin 

- Incl inat ion of o r b i t  plane 

- Mass of planet  

- In t e rna l  heat  generation 

- Right ascension (longitude of sun 1 r . r . t .  

- Radius of planet  

- Temperature 

- Average planet  temperature 

- Time 

- Coordinate axes 

- Angle between planet-sun l ine and $ ax i s  

- Angle between planet-sun l ine  and % ax i s  

- Angle between planet-sun l ine and Yp ax i s  

- Angle between vehicle-sun l i n e  and vehicle-vehicle element l i n e  

- Angle between vehicle elemenk-vehicle lice ELPA Trehicle-planet l i n e  

- Emissivity of vehicle material  

X,, Ye, Z, axes) 

X,, Ye, Z, axes) 
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*S 

il ' 

P 

E 

pr 

@ i n  

@out 

PlC 

n 

0' 

3 

- Angle between sun-planet l ine and plane-vehicle l i n e  

- Angle between Xv axis and projection of vehicle-vehicle element 
l i n e  on Xv , Yv plane 

- Density 

- Angle between 5 a x i s  and projection of sun-planet l i n e  on Xp , 
Yp plane 

- True anomaly 

- The increment of @ between points where ex terna l  heat  fluxes are 
c omput ed 

- Value of # 

- Value of @ 

- Angle between vehicle-planet-sun plane and vehicle element-vehicle- 

where vehicle passes i n t o  the p l ane t ' s  shadow 

where vehicle passes out of the p l ane t ' s  shadow 

planet plane 

- Longitude of ascending node 

- Angle between Z, axis and vehicle-vehicle element l i n e  

- Argument of perifocus 

Subs c r i p  t s 

C 

e 

0 

- Celestial 

- Emitting body 

- I n i t i a l  condition 

- Planet 

- Receiving body 

- sun 

- Vehicle 
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I. INTRODUCTION 

Thermal radiat ion and temperature play an important ro l e  i n  the 
development of spacecraft  and t h e i r  components. A computer program t o  predict  
these variables continuously as a vehicleE/ o rb i t s  a c e l e s t i a l  body has been 
developed by Midwest Research I n s t i t u t e  (MRI) f o r  the National Aeronautics and 
Space Administration's hnned  Spacecraft Center (NASA MSC) . This program w i l l  
assist thermal and s t ruc tu ra l  engineers i n  analyzing ac tua l  and hypothetical  
spacecraft  and d s s i o n s .  

A survey of the l i t e r a t u r e  was conducted before i n i t i a t i n g  work on 
this project .  
simplified,  too specialized, o r  d id  not f u l f i l l  unique NASA MSC requirements. 

The search revealed that exis t ing  methods were e i t h e r  too 

One important c r i t e r ion  not included i n  previous approaches i s  the  
consideration of the e f f ec t s  of p l a n e t v  surface temperature gradients on 
spacecraft  heating. Surface temperature var ia t ions of cloud-covered planets 
are r e l a t i v e l y  s m a l l  and unpredictable, thus t h e i r  neglect i n  analyses of 
ear th  satellites i s  acceptable. On the other hand, temperature gradients on 
some planets  are large and should not be neglected. The program developed 
under t h i s  contract  i s  t o  be applicable t o  Project  Apollo; therefore,  it 
incorporates theory t h a t  accounts f o r  the extreme surface temperature varia- 
t ions  of the  moon, as w e l l  as other nonuniformly radiat ing bodies. 

While none of the avai lable  methods could be used "off the she l f , "  it 
w a s  deemed t h a t  one of these, an A i r  Force computer program,c_/ could be revised 
and expanded t o  f u l f i l l  NASA MSC requirements. 
1963 t o  develop the theory and t o  perform the necessary modifications t o  the  
ex is t ing  A i r  Force program. 

IvRI w a s  contracted i n  February 

The over-al l  objective of the project  was t o  develop an operable IBM 
7094 FORTRAN program t o  determine impinging solar ,  planetary, and a lbedoq  heat 

4 The term vehicle i s  used t o  denote a l l  manned and unmanned s a t e l l i t e s ,  
spacecraft ,  and other objects i n  orb i t .  

The term planet  i n  t h i s  report  refers t o  the c e l e s t i a l  body being orbited,  
whether it be the moon, the earth, or  another planet .  

The A i r  Force program&/ w a s  directed by M r .  Harold L. Finch, who i s  now 
a staff meniber of Midwest Research I n s t i t u t e  and i s  Project  Leader of 
the  program described i n  t h i s  report. 

a planet  and i t s  atmosphere. 
- d/ Albedo i s  considered i n  t h i s  report t o  be so la r  heat  t h a t  i s  re f lec ted  from 
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fluxes and/or temperatures of spinning vehicles o r  of a large number of 
in f in i tes imal  surface elements of a vehicle t h a t  i s  planet-  or  sun-oriented.4 
In te rna l  conduction i s  neglected i n  t h i s  i n i t i a l  study. 
capable of analyzing o rb i t s  about a l l  planets except Pluto, spec ia l  emphasis 
has been placed on problems associated with lunar missions. 

While the program i s  

The t r ans i t i on  from the  existing Air Force program t o  a program t h a t  
meets the above objectives w a s  accomplished by perforning the following s teps:  

1. The exis t ing program was checked out and inoperable routines were 
debugged on the 7094 computer. 

2. The slow orbit-shadow intersect ion routine w a s  replaced by an i m -  
proved numerical method. 

3. The program vas reorganized i n t o  a p i l o t  routine and a number of 
basic subroutines t o  f a c i l i t a t e  debugging, recompiling, and program modifica- 
ti ons . 

4. A theory t o  account for planet surface temperature extremes was 
developed and programmed. 

5 .  The program w a s  expandedto include planet  and sun-oriented 
vehic le s . 

6. The program was w r i t t e n  t o  analyze up t o  200 specif ic  points on 
The points are  assumed t o  be thermally insulated from the oriented vehicles. 

surrounding surface. 

7. The input routine was made t o  accept standard NASA decks of t e m -  
perature-dependent material properties. k/ 

8. 
Up t o  t en  duty cycles per orbi t  are allowed. 

The program w a s  developed t o  analyze in t e rna l  heat as a function 
Different elements may of t i m e .  

have d i f fe ren t  i n t e rna l  heating cycles. 

9. Standard data (e. g . , astronomical planet  data) w e r e  incorporated 
i n t o  the program body t o  f a c i l i t a t e  preparation of input data. 

af An object i s  planet-oriented i f  the l i n e  connecting the vehicle and planet 
centers passes tinrough t h e  asine ~ e h i c l e  sixface element for  a l l  posi t ions 
i n  the o rb i t  path. 
Sun l i ne  passes through the same surface element a t  a l l  times. 

Thermal Analysis Section of NASA MSC. 

Similarly an object i s  sun-oriented i f  the vehicle- 

Standard NASA decks are decks of material propert ies  developed by the 
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1 10. The input routine w a s  written so t h a t  parametric s tudies  can be 
made with a minimum amount of data  preparation i n  successive cases. 

11. Output options of pr int ing temperatures and/or impinging heats  
were provided. 

12. Numerous minor improvements were incorporated i n t o  the program. 

13. Check cases t o  t e s t  the program logic  and theory were devised 
and run. 

Section I1 of t h i s  User's Manual contains ins t ruc t ions  f o r  preparing 

Section I11 describes 

Section I V  i l l u s t r a t e s  

a deck and f o r  assembling the components (monitor cards, data, object  deck, 
e t c . )  i n  the  proper sequence p r i o r  t o  submitting a run. 
a method of estimating computer running time and l i n e s  of output and gives 
other information t h a t  will be useful t o  the  operator.  
preparation of a data  deck f o r  a run consisting of t h ree  t y p i c a l  cases. 

Appendix A describes the program - i t s  organization and subroutines. 
Appendix B i s  a guide t h a t  i s  he lpfu l  i n  preparing da ta  cards. Planet da ta  
incorporated i n t o  the program a r e  summarized i n  Appendix C .  Sample calcula- 
t i ons  f o r  using an ephemeris t o  determine RA and DEC f o r  an o r b i t  about the 
ear th ,  a planet ,  and the moon a re  contained i n  Appendix D. 

The User's Manual describes only the  use of the program; theory, 
add i t iona l  i l l u s t r a t i o n s ,  and more d e t a i l  a re  included i n  the  Final  Report. 

11. DECK SETUP AND DATA PREPARATION 

I n  order t o  run the  computer program, the  user must prepare a deck t 

having the  following s t ruc ture :  

I System cont ro l  cards 

Date card 
I .D .  card 
XEQ card 

Binary object program cards 

Permanent da ta  cards 

General comment cards (optional) 
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Material properties cards 

Material tables  count card 
Emissivity tables  
First density table  
First specif ic  heat table  
Second density table  
Second specif ic  heat table  . 

Last density table  
Last specif ic  heat table  

Case data cards 

Case 1 comment cards (optional) 
Case 1 data cards 
Blank card 
Case 2 comment cards (optional) 
Case 2 data cards 
Blank card 

Last case comment cards (optional) 
Last case data cards 
Blank card 

System control  card 

7-8 card (end of f i l e )  

The system control  cards are standard f o r  the FORTRAN I1 system. The 
I 
I binary object program cards and permanent data  cards a re  furnished and w i l l  not 
I normally need any changes. General comments a re  optional. 

The recommended way of handling the material properties cards i s  t o  
s e t  them up on a permanent basis using emissivity tab les  f o r  the e ight  most 
frequently used coatings or surfaces and density and specif ic  heat tables  f o r  
the e igh t  most frequently used substrate materials.  I f  t h i s  i s  done the user 
w i l l  be able t o  run a signif icant  per ceiit of his J S ~ S  v5t.hoi.it having t o  a l t e r  
t h i s  port ion of the deck. Of course, i f  materials which a re  not among those 
chosen for the  permanent tables  are t o  be used, the material  properties deck 
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must be modified accordingly. However, the combined cases of a single job a re  
l imited t o  the materials read i n  a t  the beginning of the job. 

Any number of cases may be run i n  a given job. Data fo r  each case 
must be followed by a blank card. The job w i l l  terminate when the 7-8 card 
(end of f i l e )  i s  read. 

Detailed information describing permanent data, comment, material ,  
and case data cards i s  given below. 

A .  Permanent Data Cards 

The program deck contains 148 "permanent" data  cards which must 
always be present when running the program. 
144 cards containing the radiat ion configuration factors ,  and three  cards con- 
ta ining alphabetic data used i n  headings. 
of the permanent data, no monitor DATA card should be added with the input data 
deck. 

These include a monitor DATA card, 

Since a monitor DATA card i s  pa r t  

B. Comment Cards 

Comment cards a re  used t o  ident i fy  and c l a r i f y  the program output. 
They must have a number greater than nine i n  the f i rs t  two columns, but the 
remaining columns may contain aEy Hollerith characters. Only columns 3-80 are  , printed as output. A l l  comment cards are optional. 

1 There are  two kinds of comments, general  coments  and comments f o r  
specif ic  cases. General coments must follow immediately a f t e r  the permanent 
data cards. 

l imited t o  
information applicable t o  the job as a whole, while coments of a more specif ic  
nature would be placed ahead of the data f o r  the per t inent  cases. These 
spec i f ic  case cormnentfi are  printed as par t  of the case heading. 

I 

These comments are printed after a caption page and appear only 
I once f o r  a given computer job. General comments would normally be 

C. Material  ProDerties Cards 

Following the permanent data and general comments ( i f  any) a re  the 
tables  of temperature-dependent material propert ies .  A count card precedes 
these t ab le s  which indicates  how many tab les  of each p r q e r t y  will be read in .  
Emissivity tab les  a re  required for  each coating mater ia l  used and fo r  any sub- 
s t r a t e  materials tha t  are  used without a coating. 
tab les  a re  required for  each substrate material. 

Specific heat and densi ty  
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Column two of the material  tables count card gives the number of 
emissivity tables ,  and column four gives the number of substrate  materials,  
f o r  which a specif ic  heat table  and a density tab le  w i l l  be read in .  

Following the count card a re  a l l  the emissivity tab les .  Next are 
specif ic  heat and density tab les  alternately,  one of each f o r  every substrate  
r a t e r i a l .  This cmple t e s  the tables  of material  properties.  

Each tab le  consists of temperature values i n  degrees Rankine a l t e r -  

Tabulation a t  1000OoR i s  necessary 
nating with values of the tabclated p r q e r t y  and each terminates with the 
value following a temperature of 10000"R. 
since the program extends the tab le  u n t i l  it reads t h i s  cut-off temperature. 
Units of specif ic  heat  are B/lb O R ,  and uni t s  of density a re  lb/ft3.  

The tab les  should be punched according t o  the FORTRAN format (6312.8) 
and each t ab le  can have no more than seven cards. This format agrees with t h a t  
of the standard thermal properties decks set up by the Thermal A n a l y s i s  Sec- 
t i o n  of NASA MSC. The last eight  columns of each card may contain a code 
indicat ing material, property and card sequence number i n  the tab le ,  
code i s  included when the program l i s t s  t he  tab les  as pa r t  of i t s  output. 

This 

Tables a re  numbered by the program i n  the order i n  which they are  
read in .  A substrate  property tab le  need not have the same number as the 
emissivity tab le  f o r  the same material, as i s  shown i n  Case 1 of the sample 
data deck i n  Section I V .  

D. Case Data Cards 

The remainder of the data deck i s  made up of the following types of 
cards, which are d i f fe ren t ia ted  by the card code number appearing i n  columns 1 
and 2: 

Card Code 

Greater than 09 
01 
02 
03 
04 
05 
06 
07 

Blank 

Type of Card 

Comment 
Case number and output control  
P r in t  control  and angular inter1 
Planet and o rb i t  
Element description 
Sun posi t ion 
Iri ternzl k a t  
Element count 

31 

"Star t"  card - signals  end of case input 
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Coment cards, i f  any, must come first .  The cards of type 01 through 
07 a r e  next and may be i n  any o r d e r . 4  Finally,  a blank card separates da ta  of 
one case from tha t  of the next and signals t o  the program t h a t  computation i s  
t o  begin. It i s  important t h a t  no comment card be placed a f t e r  the first non- 
comment card of each case, since this w i l l  r e s u l t  i n  termination of the e n t i r e  
job by the FORTRAN Monitor. 

Numbers punched i n  the first ten columns of  t he  card a r e  read as 
in tegersk l  and must be r i g h t  j u s t i f i e d  in  the specif ied f i e l d .  
point f o r  these mii3ers. 

Use no decimal 

A l l  angles a re  t o  be read i n  degrees, a l l  lengths i n  f ee t ,  tempera- 
t u re s  i n  degrees Rankine, times i n  minutes and heat  fluxes i n  B/ftz-hr. 

If a pa r t i cu la r  type of card is  missing from the data f o r  a given 
case, corresponding values from the previous case will be used. 
data card and one blank may be suff ic ient  data f o r  any case except the first. 

Therefore, one 

Information t h a t  must be punched on cards with codes of 01-07 i s  
discussed below f o r  each type of card individually and i s  summarized i n  
Appendix B. 

1. Case number and output control ( 0 1  card) : Columns 4-8 contain 
If heat f luxes 

If 
If  both 

the case number, which must be an integer l e s s  than 32768. 
only are t o  be printed out,  column 10 must be blank o r  contain a zero. 
temperatures only a r e  t o  be pr inted out, column 10 m u s t  contain a 1. 
heat  fluxes and temperatures are required, a 2 should be punched i n  column 10. 

2. P r in t  cont ro l  and angular i n t e r v a l  (02 card) :  Columns 11-18 
contain Ido , the  vehicle posi t ion a t  time zero; columns 19-26 contain 
and columns 27-34 contain the number of revolutions or  f rac t ions  thereof ?&ich 
the  vehicle i s  t o  make around the planet. If columns 3-4 contain blanks, zero 
o r  1, the program w i l l  wri te  output a t  A$ in te rva ls .  
a number l a rge r  than 1, t h i s  number w i l l  indicate  how many s teps  of s i ze  
a re  taken between points  where output is provided. 

A# , 

I f  columns 3-4 contain 

Final ly ,  unless columns 

a/ 

bf 

An exception i s  the i n t e r n a l  heat t ab l e  continuation card, Details a r e  

This format does not apply t o  the i n t e r n a l  heat t ab l e  ( 0 6 )  continuation 

- 
found i n  the remarks on in t e rna l  heat (06) cards. 

card. 
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6-8 contain 359, the output will be i n  the normal columnarz/ form. 
punched i n  columns 6-8, b l o c 4  output w i l l  be used. 
i s  usefu l  only when the number of surface elements t o  be analyzed i s  very 
large,  o r  i n  some cases i f  temperatures only are t o  be pr inted.  

If 359 i s  
In  general ,  block output 

The basic angular in te rva l ,  A$ , should be a submultiple of 360. For 
5, 6, 7.5, 8, 9 and 10 are  sui table  values, but  7 i s  not, since 360/7 example: 

i s  not an integer .  

Care shzulr? be given t o  the choice of A$ since it represents the 
separation between points where the external  hea t  f luxes are computed. Heat 
f l u e s  are assumed constant over the in t e rva l  unless a sun-shade point l i e s  
within it. 

3. Planet and o rb i t  (03 card) : Column 4 contains the planet code, 
which automatically ca r r i e s  with it corresponding constants shown i n  Appendix C 
for distance from sun, planet radius,  albedo, T, and cold side planet  tem- 
perature.  Codes for the  planets  i n  the program t ab le  are: 

Earth - 1 

Moon - 2 

Jupi te r  - 3 

Mars - 4 
Mercury - 5 

Neptune - 6 

Saturn - 7 

Uranus - 8 

Venus - g 

- a/ With columnar format, separate columns are used f o r  temperature and each of 
A t  each pr in tout  point  there  i s  a row of output 

i n  each block the txtp..~t v d i ~ e s  

t he  heat  fluxes printed.  
f o r  each element being analyzed. 
used fo r  temperature and heat fluxes. 
fo r  a l l  elements t o  be analyzed a r e  pr inted,  with 10 values on each l i n e .  

With block output, separate blocks a re  
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Orientation of the  vehicle i s  indicated by a code punched i n  columns 
5-6. The code i s  zero o r  blank i f  the  vehicle i s  spinning, 1 i f  it i s  planet-  
oriented and -1if it i s  sun-oriented. If the  planet  temperature i s  t o  be con- 
sidered variable,  column 8 must contain 1; a zero or blank ind ica tes  t h a t  
planet  temperature i s  constant. The orbi t  semimajor ax is ,  a , and semiminor 
axis ,  b , are punched i n  columns 51-65 and 66-80, respectively.  I f  f i c t i t i o u s  
o rb i t s  are used f o r  t es t  purposes, the  values of a and b should satisfy the  
inequal i ty  

b 2 > r (2a-rp) 
P 

where r i s  the  planet radius from Appendix C .  Otherwise, t h e  o r b i t  w i l l  
intersecg the  planet.  

4. Element description (04 card):  Columns 4-6 contain the  number of 
the element described; it may take on values from 1 t o  200. Column 8 contains 
the number of the emissivity tab le  pertaining t o  the  element described; it may 
take on values from 1 t o  8. Column 9 contains the  number of t he  subs t ra te  
material, and column 10 the number of the i n t e r n a l  heat load t ab le  per ta ining 
t o  the  element described; these numbers may take on values from 1 t o  8. 
Columns 11-18 contain A '  f o r  the  element, and 19-26 contain R *  . To i s  i n  
27-34 and h i s  i n  35-42. 

I If an 04 card with a given element number contains blanks i n  place of 
any of t he  other information on the card, the program behaves as though the  
information deleted were copied from the last previously read 04 card having 
the  same element number. I f  no such card w a s  read previously, t he  information 
i s  taken as zero. Zero values should not be allowed f o r  skin thickness, h . 

I 
l 

5. Sun posi t ion (05 card) : The 05 card may be used i n  two ways. If 
the sun 's  posi t ion i s  t o  be read i n  terms of angles a , 8 , and y , 3 must 
be punched i n  column 4. Then n w i l l  appear i n  columns 11-18, C i n  19-26 
and 7,' i n  27-34. If the  sun's position i s  taken from an ephemeris, a blank o r  
any number other than 3 i n  column 4 will cause the numbers i , w , fl , RA , 
and DEC t o  be read from columns 11-18, 19-26, 27-34, 35-42, and 43-50, respec- 
t i ve ly .  The points  $din and #out , where the vehicle passes i n  and out of 
the  p lane t  shadow, a re  normally computed from o rb i t  geometry and sun posi t ion.  
However, they can be read i n  d i r ec t ly  if 1 is  punched i n  column 6 of the  05 
card. I n  t h i s  case columns 51-65 should contain and 66-80 should contain 
iout . This  feature  was provided p i n c i p a l l y  as a deblrgging aid; but could 
conceivably be used i n  other ways. 
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6. In t e rna l  heat (06 cardl :  An undefined heat  t ab l e  i s  assumed t o  
contain no heaz loads. When a par t icu lar  heat  t ab l e  i s  once defined, it re-  
mains unchanged u n t i l  another 06 card redefines it. 
in t e rna l  heat tab le  must have the number of the tab le  punched i n  column 4; 
t h i s  number must be from 1 t o  8. To redefine a heat  t ab l e  so t h a t  it has no 
heat loads, blanks or  zeros are punched i n  columns 5-6. 
a re  t o  be read in ,  columns 5-6 should give the  number of i n t e r n a l  heat  values 
contained i n  the  t a b l e  aside from the value a t  t i m e  zero. This number may be 
from 1 t o  19. The value of t he  heat load a t  time zero i s  punched i n  columns 
li-23. Tiie tine :her! +,he first change occurs i s  i n  19-26. "he value after 
the f i r s t  change i s  i n  27-34. Second switching t i m  and new heat  load a re  i n  
columns 35-42 and 43-50, respectively,  and columns 34 -65 and 66-80 represent 
t h i r d  switching t i m e  and heat  load a f t e r  t h i s  time. 

The f i rs t  card of an 

If nonzero heat  loads 

If the  number i n  columns 5-6 is  less an o r  equal t o  3, a single  06 

However, i f  columns 5-6 contain a number 
card i s  su f f i c i en t  t o  describe one complete he a f  load sequence. In  t h i s  case 
no 06 continuation cards are needed. 
from 4 t o  19, then from 1 t o  4 continuation cards a re  necessary. 

Continuation cards must follow immediately after the  06 card which 
they complete. 
switching t i m e s  and 4 corresponding new heat  loads. 
on each continuation card i s  punched i n  columns 3-10, and must be punched with 
a decimal point.  This i s  the only exception t o  the ru l e  t h a t  decimal points  
must not be used i n  the f irst  10 columns. Heat loads after switching are 
punched following the  corresponding switching t i m e s  u n t i l  a l l  the heat  loads 
have been punched which were specified i n  columns 5-6 of t he  f irst  06 card of 
the tab le .  The f i e l d s  used include columns 3-10, 11-18, 19-26, 27-34, 35-42, 
43-50, 51-65 and 66-80. 
of the  sample da t a  deck, Section I V .  

Each continuation card may contain as many a s  8 values: 4 
The first switching t i m e  

~ An example of 06 continuation cards i s  given i n  Case 2 
I 

I f  the  head load i s  constant a t  some value other than zero, an art i-  
For, i f  a zero were l e f t  i n  f i c e  must be used t o  en ter  the  tab le  properly. 

column 6 t o  ind ica te  t h a t  there  were no changes i n  the  heat  load, the program 
Would assume the heat  load value t o  be zero. Therefore 1 must be punched i n  
column 6. Then columns ll-18 should contain the  constant heat  load and 19-26 
should contain a very large number, e.g., 900000., corresponding t o  the  time a t  
which switching occurs. 

If the  t ab le  contains switching t i m e s  which are greater  than t h e  
o r b i t a l  period, these a re  ignored, since the program resets the i n t e r n a l  heat 
t ab l e s  t o  t i m e  zero a t  t h e  eiid of each orhit.; 

I 
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7. Element count (07 card) : The number of spacecraft  surface e l e -  
ments f o r  which heat f luxes and/or temperatures a re  t o  be found i s  punched i n  
columns 4-6. This number may take on values from 1 t o  200. 

111. OPERATING INSTRUCTIONS: TIMING AND OUTPUT ESTIMATES 

The program must be run with the FORTRAN I1 syste  No spec ia l  tapes  
a re  r;ee&ed since the three scratch tapes used (A4, B3, and % are  normally 
already mounted fo r  a l l  FORTRAN jobs. No sense switches are used. 

Running time var ies  g rea t ly  with the number and type of cases t o  be 
run. 
estimates,  the following suggestions are offered as a guide: 

Un t i l  experience with the program enables the user  t o  make more accurate 

Running t i m e :  0.5 min. per case f o r  up t o  10 elements and 
0.5 min. per case f o r  each addi t iona l  20 elements 

I n  estimating the amount of output for a job, about 20 l i n e s  f o r  each 
case should be included f o r  the heading and ident i fy ing  information. 
output i s  estimated i n  one of two ways. 
i s  selected,  the number of elements used should be mult ipl ied by the number of 
pr in touts  per element. 
p r in ted  a t  each pr in tout  point w i l l  be two, s i x  or  e ight ,  respectively,  f o r  
up t o  10 elements, depending on whether temperatures only, heat f luxes only o r  
both a re  pr in ted  out. Each 10 addi t ional  elements r e s u l t s  i n  one, three or  
four more l i nes  of output, respectively. 

Additional 
I f  the  normal columnar output option 

If the block output option i s  used, the number of l i n e s  

I IV.  A SAMPLE INPUT DATA DECK 

Preparation of input data i s  i l l u s t r a t e d  f o r  a computer run consis t -  
The sample problems are  not necessar i ly  r e a l i s t i c  as they ing of th ree  cases. 

were conceived only t o  i l l u s t r a t e  a maximum number of the  program's many op- 
t i ons  and t o  demonstrate the input rout ine 's  v e r s a t i l i t y .  

A. Problem Definit ion of Sample Cases 

,m, - 11ie sziiple pmblems are defined as f n 1 l o . r ~ ~ :  

Case 1 - Determine the heat f luxes and temperatures of a moon-oriented 
vehicle  orb i t ing  the moon. Four surface elements a re  t o  be analyzed. Output 
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data  are t o  be pr inted every 5" fo r  one o r b i t .  
f O l l O I ? S  : 

Further specif icat ions a re  as 

Moon surface temperature - variable 

Sun posi t ion - given i n  an ephemeris for  2 July 1963 

i = 10" 

9 = i30" 

R = 70" 

a = 6230000 f t .  

b = 6211900 f t .  

6, = 0" 

A$ = 5" 

Element 1 

h = 0.01 f t .  

Qg = 0. 

Material - uncoated T-3 aluminum 

Element 2 - same as Element 1 except: 

R '  = 180" ( A '  i s  undefined) 

h = 0.005 f t .  
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Element 3 - same as Element 1 except: 

Element 4 - same as Element 1 except: 

C' = 0" (12' i s  undefined) 

k; = @.eo5 f t .  

Case 2 - Determine the temperatures of a spinning vehicle orbi t ing 
the ear th .  
temperatures s t a b i l i z e  f irst .  Two different  i n t e rna l  heat  loads are t o  be 
compared ( t h i s  will be accomplished by running a s ingle  case using two 
"elements" which r e fe r  t o  different  in te rna l  heat t ab l e s ) .  
t ions  are: 

Output data are  t o  be printed every 20" for  5.25 o rb i t s  unless the 

Further specif ica-  

Earth surface temperature - constant 

Sun posit ions - specified i n  terms of 0% , B , and y . Date not 
needed 

i! = 90" 

y = 170" 

b = 22 x 106 f t .  

fi0 = 280' 

A# = 4" 

Element 1 

To = 500"R 

h = 0.01 f t .  
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= 0 f o r  15 min., then 20 B/ft*-hr f o r  15 min. This cycle con- 
t inues throughout each orb i t .  Qg 

Material  - uncoated T-3 aluminum 

Element 2 - same as Element l e x c e p t :  

Qg = 10 B/f t2-hr  continuously 

Case 3 - Determine the temperatures of a sun-oriented vehicle o rb i t -  
Output data  a re  t o  be printed i n  block form every 30" f o r  one- ing the ear th .  

ha l f  of an o rb i t .  
t ions  a r e :  

Four surface elements a re  t o  be analyzed. Further spec i f ica-  

Earth surface temperature - constant 

U. , 2 , y , a , b - same as i n  Case 2 

fi0 = 190" 

A d  = 2.5" 

Element 1 

A '  = Oo,  c' = 90" 

To = 500"R 

h = 0.01 f t .  

Material - aluminum, painted black 

Element 2 - same as Element 1 except: 

Material - aluminum, painted w h i t e  

Element 3 - same as Element 1 except: 

I\' = 180" 
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Element 4 - same as Element 1 except: 

Material - aluminum, painted white 

B. D a t a  Deck for  SamDle Cases 

D a t a  sheets representing the input cards f o r  running the cases 
described above are  i l l u s t r a t e d  i n  Fig. 1. 
data and the f i n a l  7-8 card (end of f i l e )  i s  shown. 
properties tab les  should not be assumed val id  since they a re  intended only t o  
i l l u s t r a t e  the required format. Each card on the data  sheets has been given a 
sequence number i n  the l e f t  margin t o  aid i n  the discussion t h a t  follows. 

Every card between the permanent 
The values i n  the materj-a1 

1 - 3. These cards are  seen t o  be comments because of the 10 i n  
columns 1-2. 
they are general  comments and w i l l  be printed following the caption page and 
i m e d i a t e l y  preceding the tables  of material properties.  The t h i r d  of the 
comments i s  blank i n  columns 3-80 and will r e su l t  i n  a blank l i n e  i n  the out- 
put. Comment cards may be used i n  t h i s  manner t o  provide ex t r a  spaces i n  the 
output headings. 

Since they a re  read imedia te ly  following the permanent data,  

4. This i s  the first noncomment card following the permanent data 
and consequently it must be the material properties count card. 
s i x  emissivity tables  a re  t o  be read i n  followed by substrate  tab les  f o r  two 
materials.  

It shows t h a t  

I 

5. Following the material  properties count card i s  the f i rs t  card of 
the f i r s t  emissivity table .  The l a s t  eight columns contain the code KEALl. 
The user m y  punch any code he wishes i n  these columns t o  describe the  table  
being read. This par t icu lar  code refers t o  the emissivity tab le  for  aluminum. 

The numbers i n  the f i r s t  72 columns describe the following tab le :  

Temperature Emissivity 

0"R 0.055 
9000" R 0.055 

1OOOO"R 0.3 

The program interpolates  l inear ly  i n  t h i s  table  t o  f ind  emissivity 
for  any given temperature. 
ing t o  a temperature of 10000"R has been read. 
p l e t e  on t h i s  card. 

A table  i s  complete when the emissivity correspond- 
Hence the f i r s t  t ab le  i s  com- 

- 18 - 



I 
2 
3 
4 
5 
6 
7 
P 
4 
IO 

II 
I2 
I3 
14 
15 0.3 , I , . .  I , . , .  I , .  , I  . , . I  I .RT3 I ,  

INPUT DATA SHEET 
FOR 

DETERMINING SPACECRAFT HEATING AND TRANSIENT TEMPERATURES 
10.111N ,1001.* DIYI IOPID I. " l D W l l l  ,,SE..C" ,*,,,,",, " w o n  *.I1 as< <O"I,ICI "0 *&I. 10). 

Fig. 1 - Data f o r  Sample Cases 

- 19 - 



The user  has a choice of input formats f o r  the  mater ia l  propert ies  
cards.  This i s  discussed i n  d e t a i l  i n  connection with cards 10 and 11. 

6. The s i x t h  card represents the emissivi ty  tab le  f o r  black pa in t .  
Emissivity i s  shown t o  be constant a t  0.970 f o r  temperatures from 0" t o  10000"R. 
This i s  the second emissivity tab le .  

7. This card gives the t h i r d  tab le ,  which i s  for white pa in t  and 
shows emissivi ty  t o  be constant a t  0.93 fo r  temperatures from 0" t o  9000°R, but 
i s  0.18 a t  10GO"Ii .  

8 - 3.  Cards 8 and 9 represent the emissivi ty  t ab le  f o r  a mater ia l  
which i s  not needed i n  Cases 1, 2 and 3. 

10. The s ix th  emissivity table i s  shown on t h i s  card. The code 
r e f e r s  t o  T-3 aluminum. This i s  the l a s t  of the  s i x  emissivity t ab le s  ca l l ed  
f o r  by the  mater ia l  propert ies  count card. 

T h i s  and the following card i l l u s t r a t e  the two input formats which 
nay be used i n  reading i n  the mater ia l  propert ies  tables .  Both cards contain 
the numbers O. ,  0.22, 1000. and 0.22. Card 10 has these numbers punched i n  
the "exponential" format, which consists of a f r ac t ion  l e s s  than 1. but not 
l e s s  than 0.1 and an exponent of 10 for  determining the appropriate scale  
fac tor .  
exponent need be punched. 

No decimal point i s  used. On card 11 a decimal point i s  used, but  no 
With the l a t t e r  format the number may be punched 

I anywhere i n  the designated 12-column f i e l d  so long as a decimal point  i s  used. 

11. Substrate mater ia l  property tab les  begin with t h i s  card. Each 
t subs t ra te  mater ia l  must have two tables,  one f o r  density,  p , and one fo r  

spec i f ic  heat ,  Cp . The code on card 11 shows t h a t  t h i s  i s  the Cp t ab le  f o r  
aluminum, which i s  designated substrate mater ia l  1. 

12. The twelf th  card contains the p t ab l e  f o r  substrate  mater ia l  
1. Cards 11 and I2 are  both necessary t o  specify the f i r s t  substrate  mater ia l ,  
It makes no difference,  however, whether the p t ab l e  or  the Cp t ab l e  i s  
read i n  f i rs t  since the program uses the product 
P o r  cp alone. 

pCp and never uses e i t h e r  

13. Tables for substrate  material  1 are  complete, so t h i s  card 
describes substrate  mater ia l  2. The code r e fe r s  t o  Cp f o r  T-3 aluminum. The 
1 i n  the code indicates  t h i s  i s  the f i r s t  card of t he  t ab le .  Values of temper- 
a tu re  and Cp from the card are: 
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0" 0.212 
560" 0.212 
660" 0.215 

Since an en t ry  fo r  T of 1000Oo has not been punched, t he  t ab le  will 
be continued on the next card. 

i4. This card has the same code as card 13 except f o r  the  f i n a l  2, 
which indicates  second card of the table. Values fo r  temperature and Cp a r e :  

T - 
860" 0.228 
1060" 0.240 

10000" 0.240 

Since t h i s  card includes an entry f o r  T of lOOOO", the  t ab le  i s  
complete. 

15, Card 15 gives the density t ab le  f o r  subs t ra te  mater ia l  2. S ix  
emissivi ty  t ab le s  have now been read as we l l  as spec i f ic  heat  and densi ty  
t ab le s  f o r  two substrate  mater ia ls  i n  accordance with the count given on card 4. 

I 16 - 18. This card r e f e r s  t o  Case 1. The three  cards v i t h  10 i n  
columns 1-2 a re  comments. The t h i r d  of these serves merely t o  provide an 

I ex t r a  space i n  the  output. 

19. The 01  card gives the case number, 501. The 2 i n  column 10 in -  
d ica tes  t h a t  both temperatures and heat f luxes are t o  be pr in ted  out. 

20. The 02 card has #o = 0 , and A# = 5 . The number 1 indica tes  
one full orb i t  must be computed. "he absence of any punch i n  columns 3-4 
means t h a t  output i s  desired a t  each 
not contain 359, the normal columnar output format w i l l  be used. 

A# i n t e rva l ,  and since columns 6-8 do 

21. The 03 card has a planet code of 2 i n  column 4. This i s  the 
code f o r  the moon. The 1 i n  column 6 indicates  t h a t  the vehicle i s  moon- 
or iented and the 1 i n  column 8 means tha t  the moon temperature i s  var iable .  
The last  two data a re  a and b . 

22. The f i rs t  04 card describes elernent 1 since a l i s  punched i n  
columns 4-6. Columns 8, 9 and 10 indicate t h a t  t h i s  element has emissivi ty  
given from emissivi ty  tab le  6, density and spec i f i c  heat  from the  t ab le s  fo r  
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substrate  Inaterial 2 and in t e rna l  heat  from the  f i rs t  t ab le  of i n t e r n a l  hea t  
loads. 
mater ia l  2 the  codes a re  CT3 (cards 13-14) and RT3 (card 15). 
described i s  of uncoated T-3 aluminum. Since there  are no cards t o  define 
i n t e r n a l  heat  t ab l e  1, it i s  regarded as having no heat  loads i n  it. The 
values of A '  , R '  , i n i t i a l  temperature, and thickness for the  element are 
given as 30., go., 500., and .01, respectively. 

The code f o r  emissivity tab le  6 is  ET3 (card 10).  For substrate  
The element so 

23. The second 04 card describes element 4 since a 4 i s  punched i n  
CG~L~XIS  4-6. This elexer?t i s  s i r i l a r  t o  element 1 except for the  values of 
A '  , 9' and thickness. The f a c t  t h a t  the element 4 card i s  out of normal 
sequence i s  immaterial. 

24 - 25. The next two 04 cards describe elements 3 and 2, respec- 
t i v e l y .  

26. Since the 05 card does no t  have a 3 i n  columns 3-4, the  sun 
posi t ion relative t o  the  o r b i t  i s  given i n  terms of i , w , (2 , RA and DEC . 
These var iables  are punched as lo., 130., 70., 55.29, and -0.35, respectively.  
The determination of t he  indicated values of RA and DEC for 2 July 1963, 

computer w i l l  f ind  the  sun-shade points, $in and idout . Any numbers punched 
i n  columns 51-80 are t o  be ignored. 
and Idout 

, i s  described i n  Appendix D. The absence of a 1 i n  column 6 indicates  t h a t  the 

If a 1 had been punched i n  column 6, Idin 
would have been read from columns 51-80 of t h i s  card. 

27. The 07 card ca r r i e s  a 4 i n  columns 4-6 rneaning t h a t  four elements 
are t o  be analyzed f o r  t h i s  case. 

I 28. This blank card means that  the data  necessary fo r  Case 1 i s  com- 
p l e t e .  
not necessary t o  include any 06 cards i n  the  da t a  f o r  Case 1 since there  are 
no i n t e r n a l  heat loads. 

bhen the blank i s  read processing of t h i s  example w i l l  begin. It was  

29. The 10 card i s  a comment card per ta ining t o  Case 2. 

30. The 01 card has case number 502 i n  columns 6-8. The 1 i n  column 
10 indica tes  that temperatures only are t o  be pr in ted  out. 

31. 
number of o rb i t s  = 5.25. 
only after every f i f t h  in te rva l ,  
desired. iqormai c o i w a r  output l a  uDcu DIIILF. -,'-A- there is n~ 359 in cc?lmns 6-e. 

The 02 card contains the data #, = 280., A# = 4. , and the 
The 5 i n  columns 3-4 ind ica tes  that output i s  pr in ted  

A@ . Hence output i s  a t  20" i n t e rva l s  as 
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32. The planet ear th  i s  designated by the 1 i n  column 4 of the 03 
card. Blanks i n  columns 3-4 and 5-6 indicate t h a t  the  vehicle i s  spinning and 
t h a t  the planet  temperature i s  constant. Both a and b are 22000000. 

33. The 1 i n  columns 4-6 of the 04 card ind ica tes  t h i s  i s  the  data  
card f o r  element 1. The 2 i n  c o l m  10 indicates  t h a t  Qg i s  described i n  
i n t e r n a l  heat tab le  2. 
from Case 1 i s  u s e d . 4  
A '  = 30". , R '  = 90. , To = 500. , and h = .01 . Actually A '  and 9' a re  
i r r e l evan t  since the vehicle i s  spinning. 

Since the remaining f i e l d s  a re  blank corresponding da ta  
Therefore, these blanks represent uncoated T-3 aluminum, 

34. Similarly the next 04 card describes element 2 as made of un- 
coated T-3 aluminum with A '  = 0. , 9' = 180. , and To = 500. Thickness must 
be read i n  as .01 since element 2 formerly had a thickness of .005. 
column 10 means t h a t  i n t e r n a l  heat table  3 contains the  heat loads f o r  this 
element. 

The 3 i n  

35. The presence of a 3 i n  column 4 of the  05 card indicates  t h a t  
sun posi t ion re la t ive t o  the o rb i t  i s  given i n  terms of angles 0, , :J , and 
y . These are shown on the same card t o  be 80., go., and 170. Since column 
is  blank, @in and flout a re  t o  be found by the computer and are not t o  be 
read in .  

6 

36. Next i s  an 06 card. The 2 i n  column 4 ind ica tes  t h a t  the second 
i n t e r n a l  heat tab le  i s  being described. The 8 i n  column 6 means t h a t  the  t ab le  
w i l l  contain an o r ig ina l  heat load and a sequence of 8 changes. The i n i t i a l  
heat load i s  shown i n  columns 11-18 as 0. This i s  va l id  u n t i l  time tl , which 
i s  shown t o  be 15 min. i n  columns 19-26. A t  t h i s  t i m e  the  heat  load becomes 
20 B/hr-ft2. 
i s  switched again a t  30 min. becoming zero and a t  45 min. becoming 20 B/ftz-hr. 

T h i s  load i s  shown i n  columns 27-34. Similar ly  the heat load 

37 - 38. Inasmuch as 8 changes a re  t o  be entered i n  i n t e r n a l  heat 
t a b l e  2 and only 3 a re  shown on the  f i r s t  06 card, continuation cards a r e  re -  
quired. On the f irst  continuation the heat  load i s  switched four  times. A t  
times of 60 and 90 min., it becomes zero, and a t  75 and 105 min., it becomes 
20 B/ft2-hr again. 
for  the  eighth time. A t  120 min. it becomes zero. Since the  last  hea t  load 
i n  the tab le  i s  zero, this value i s  considered t o  extend on indef in i te ly .  
However, a t  the end of an orb i t ,  the  table  will be r e se t ,  so  t h a t  the cycle of 

On the second continuation card the heat load i s  switched 

af A blank f i e l d  causes previousiy rea6 valxss t o  be carried fcxvard only in 
t h e  case of 04 cards. 
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heat  loads w i l l  be repeated a t  corresponding posi t ions of successive o rb i t s .  
The period f o r  the o r b i t  described i n  Case 2 i s  less than 120 min. so t h a t  t he  
t ab le  w i l l  be r e s e t  before reaching the end. If a later case spec i f ies  an 
o r b i t  of period greater  than 120 min. without redefining t h i s  heat  load tab le ,  
t he  i n t e r n a l  heat  would be zero from 120 min. u n t i l  the  end of t he  o rb i t .  

39. The nea* 06 card i l l u s t r a t e s  how a steady nonzero heat load may 
be specified.  C o l m  4 shows t h a t  t he  t h i r d  heat  load t ab le  i s  being read. 
The i n i t i a l  value of the  load i s  10 B/ft2-hr, and c o l m  6 ind ica tes  t h a t  t h i s  
I s  s v i t c h e d  m l y  mce. The t i m e  when sw5tching occurs i s  set a t  90000 min. or 
two months. This should be much later than the  end of any p r a c t i c a l  o r b i t  and 
should cause the heat  lcad t o  remain at 10. A s  a fu r the r  precaution, the  value 
a f t e r  switching i s  given as 10 again. A zero or blank i n  colwrun 6 cannot be 
used t o  indicate  a steady nonzero heat  flux since this code causes the  t ab le  t o  
be cleared of a l l  heat  loads. 

40. The 07 card shows t h a t  two elements are t o  be processed. 

41. The blank s ignals  the end of input f o r  Case 2. 

42. Case 3 begins without any comments. From the  02 card: 6, = 

fl = 190" , proceed t o  360" and then go on from 0" t o  10" whereupon 
190. , A# = 2.5 
begin a t  
the  case i s  terminated. Because of the 359 i n  columns 6-8, output w i l l  be i n  
block form. The 12 i n  columns 3-4 means t h a t  the i n t e r v a l  between points  where 
output i s  wri t ten i s  12 x 2.5" or  30". 

and the  number of orb i t s  = 0.5. The program w i l l ,  therefore,  

I 
43. The 03 card has the planet code 1, f o r  ear th ,  punched i n  column 

I 4. The -1 i n  columns 5-6 s ign i f i e s  that  the vehicle i s  t o  be sun-oriented and 

I dimensions a and b a re  22000000. 
the blank i n  c o l m  6 indicates  t h a t  planet temperature i s  constant. Orbit 

44. The 04 card describes element 1 since there  i s  a 1 i n  column 6. 
Coating material 2 (black pa in t )  i s  specified i n  column 8 and substrate  mate- 
r ia l  1 (aluminum) i n  column 9. 
heat  load t ab le  applies.  No 06 card has been included f o r  t h i s  tab le ;  there-  
fore  , element 1 w i l l  have no in t e rna l  hea t  loads. Values of 90. , 500., and 
0.01 f o r  61' , To and h a re  carr ied over from card 22 of Case 1, while I\' 
i s  punched a t  0 . 

The 1 i n  column 10 means t h a t  t he  f i r s t  i n t e r n a l  

45. Element 2 i s  specified by this card t o  be the same as element 1 
except Ynat coating mtei-ial 3 (vhi te  p i n t )  is ir,dicated- i n  column 8. 
necessary t o  punch a 90. fo r  R '  since t h i s  quant i ty  was last specif ied on 
card 25 t o  be 180. 

It i s  
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46. T h i s  card redefines the coating mater ia l  (column 8 ) ,  substrate  
material  (column 9 ) ,  i n t e rna l  heat load tab le  (column 10) and 
11-18) f o r  element 3 (column 6 ) .  
To = 500'R and h = 0.01 . 

A '  (columns 
Values carr ied over from card 21 are  n'= 0. , 

47. With t h i s  card, a l l  data describing element 4 a re  changed except 
To , which would normally be punched i n  columns 27-34. The new description of 
element 4 coincides with tha t  of element 3 except t h a t  the element 4 i s  coated 
with white paint  ra ther  than black. 

48. The number of elements t o  be processed i s  entered i n  columns 4-6 
of the 07 card. 

49. Final ly  a blank s ignals  the end of data for  Case 3.  Since no 
01 card w a s  included fo r  Case 3, the case number, 502, will be repeated. Tem- 
peratures only will be printed as prescribed by card 30 of Case 2. Also no 05 
card w a s  included fo r  Case 3. This means t h a t  a , fi , and y are  carr ied 
over from Case 2, card 35. 
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APPENDIX A 

ORGANIZATION OF THE PROGRAM 

The program i s  wri t ten i n  the FORTRAN I1 language. It cons is t s  of a 
A number of main routine and a number of subroutine and function subprograms. 

FORTRAN l i b r a r y  routines a re  a l s o  used such as square root ,  s ine,  arctangent,  
input,  output, e t e .  Nc 6 ~ c k  fo r  any o f t h e  FORTRAN l i b r a r y  routines i s  sup- 
p l i ed  with the program deck, but they are loaded by the  system monitor at  
execution time from the  l i b ra ry  tape. 

A s implif ied flow char t  i s  given i n  Fig. A - 1  t o  a i d  the  user  i n  f o l -  
lowing the program. 
subroutines i s  shown i n  Fig. A-2. 
subroutines, and functions i s  given i n  Sections 1 and 2. The source program 
contains n w r o u s  coments t h a t  may also help the user i f  he should des i re  t o  
follow the  program i n  greater  d e t a i l .  

The in te r re la t ionship  between the main routine and a l l  the 
A brief descr ipt ion of the main routine,  

1. Main routine and subroutines: PILOT i s  the main routine f o r  the 
program. Its function i s  simply t o  define necessary constants and c a l l  the  
two major subroutines, TINPUT and LOOP. 
t o  TINPUT f o r  the next case. 

On e x i t  from LOOP, the  program returns  

TINPUT controls a l l  input t o  the program. It a l so  controls  the  out- 
put  of headings, comments and a l l  information used t o  explain and define each 
case. Subroutine SIGBET i s  a l s o  called by TINPUT i n  order t h a t  the values of 

I 7 2 > Bin and flout w i l l  be available f o r  pr in t ing  with the case headings. 

I HEAD p r i n t s  a caption page and c a l l s  FREAD t o  read i n  permanent data. 

FREAD reads i n  permanent data such as configuration f ac to r  tab les ,  
physical  constants f o r  the moon and eight planets ,  a lphabet ical  heading infor -  
mation and frequently used constants. 
c a l l s  TABLE t o  read i n  material property tab les .  

It a l s o  p r i n t s  general  coments and 

TABLS reads tab les  of material propert ies  and writes them on the 
output tape.  

Q I I N  s e t s  up new tables  of in t e rna l  heat loads whenever they a re  t o  
be read in .  
number of en t r i e s .  
l a t e r  on the  output tape. 

Continuation cai-da are res6 ?rnti1 the t .abh contains the specif ied 
The tab le  i s  a l s o w r i t t e n  on a scratch tape t o  be copied 
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SIGBET computes the angular position of the sun r e l a t ive  t o  the 
o r b i t a l  plane. Two types of input data are accommodated: a , 9 , y , or  
0 , u) , i , RA , and DEC. This routine a l so  c a l l s  FIND t o  locate the sun- 
shade points and SUNOR t o  transform element angles for the  sun-oriented cases. 

INIT adjusts the quadrants of Bo , fiin and so  that 
air. < @ < Bout , whenever the vehicle i s  i n  the shade. 
determines whether the vehicle i s  i n i t i a l l y  i n  the sun or  shade. 

This routine a l so  

XXUS calculates tiole, a l t i tude  and angle €3, from fi , which repre- 
sents  the vehicle posit ion.  For oriented vehicles and 6 are  found. 
Angle 8 i s  a l s o  found fo r  sun-oriented cases. 8, , 8, and o are  arguments 
of the configuration fac tor  tables ,  and 6 i s  needed t o  determine so lar  heat 
f lux.  If Tp , the planet temperature, i s  variable,  it i s  a l s o  found. 

SUNOR converts the angular coordinates o f  the s a t e l l i t e  elements 
from the input values t o  values acceptable t o  the program logic f o r  sun- 
oriented s a t e l l i t e s .  

FIND locates the sun-shade points Idin and Bout . If the sun i s  
i n  the o r b i t a l  plane BETA90 i s  called.  Otherwise QUART i s  ca l led  t o  determine 
the 5 coordinates and WYE t o  f ind  the Yp coordinates. Each point i s  
checked t o  insure t h a t  it i s  not on the sunward side of the planet.  

I BETA90 computes the sun-shade points fo r  cases where the sun i s  i n  
I I the o r b i t a l  plane. 

1 WYE finds the Yp coordinates of sun-shade points f o r  which the XP 
coordinates were calculated i n  QUART. Pairs of Xp and Yp values a re  then 
checked t o  insure t h a t  they s a t i s f y  the e q a t i o n s  of both the o rb i t  e l l i p se  
and the shadow e l l ipse .  

QUART solves for  the roots of a quartic equation. The quartic 
a r i s e s  when the equations fo r  the orbi t  e l l i p s e  and the shadow e l l i p s e  are  
solved simultaneously f o r  Xp . 

DDFERI i s  a double precision quartic fac tor iza t ion  program from the 
S H m  l ibrary .  

DDVETA i s  a double precision cubic fac tor iza t ion  program from the 
SHARE l ibrary .  It i s  required by DDFERI. 

LOOP causes a heading t o  be printed at  the top of an output page 
and begins an output l i ne  count. Unless temperature calculations are  not 
required, the maximum time in t e rva l  i s  found f o r  possible use i n  subroutine 
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ERROR. The i n i t i a L  temperature of Cach surface element i s  s tored  f o r  compari- 
son with the correSponding temperatures one f u l l  o rb i t  l a t e r .  

Next the program finds LINC, the number of i n t e rva l s  of width A$ 
necessary t o  make one o rb i t  and KFEV, the number of complete or f r a c t i o n a l  
o r b i t s  t h a t  will be required, provided tha t  a l l  temperatures do not s t a b i l i z e  
earlier. 

Then the vehicle i s  allowed t o  move counterclockwise around i t s  o r b i t  

$ , and heat fluxes and temperatures a re  determined f o r  each 
i n  s teps  A$ . 
t i o n  depending on 
surface element. 
deferred fo r  two or  more in t e rva l s  under cont ro l  of input parameter NPRINT. 

For each s t ep  LOCUS i s  cal led t o  f ind  time and other  infornia- 

Output may be wri t ten a f t e r  each i n t e r v a l  A$ , or  it m y  be 

If a sun-shade point i s  reached, output occurs automatically. If 
temperatures a re  being found, t h e  integrat ion of the d i f f e r e n t i a l  equation over 
the i n t e r v a l  i s  broken i n t o  two s teps  a t  the  sun-shade point.  

A t  the  end of each complete orbi t ,  temperatures a re  compared with 
corresponding temperatures one o rb i t  ea r l i e r .  I f  these agree t o  within 0.5"R, 
the  case i s  considered finished. If not, the  new temperatures are stored, the 
t ab le s  of i n t e r n a l  heat loads are r e se t  f o r  a new o rb i t ,  and the  progran loops 
back unless the specif ied number of orbi ts  read i n  has been exceeded. 

TALLY counts l i n e s  of output aside from comments, headings and case 
ident i fy ing  information. 
i s  near ly  f i l l e d .  

The p r i n t e r  carriage i s  restored vhen an output page 

TOUT handles a l l  output except f o r  comments, headings and case 
ident i fy ing  information. 
temperatures or  both. 
format. 
a l s o  provided. 

Output includes $ , t i m e  and e i t h e r  heat f luxes or 
With the nonr,al option,data a re  pr inted i n  columnar 

However, an option t o  allow output t o  be pr inted i n  block form i s  

ARROUT i s  an auxi l ia ry  subroutine f o r  output of arrays of data  i n  
block form. 

TEMPER c a l l s  HEAT t o  obtain net heat f l u x  i n t o  each vehicle surface 
element and the i n t e r n a l  heat load. Then the d i f f e r e n t i a l  equation f o r  tempera- 
t u re  i s  integrated over a given interval ,  
i s  too  long, or  i f  i n t e rna l  heat loads a re  discontinuous within the in t e rva l ,  
&e iiitervd. i s  s~bdivideii  inte t i ~ o  or mnre sm.all;er s teps .  

A$ , of the o rb i t .  If the i n t e r v a l  

c 

ERROR computes a theo re t i ca l  approximation t o  the  truncation e r r o r  re- 
s u l t i n g  from the  numerical integration. This routine i s  normally suppressed. 
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HEAT f inds impinging heat fluxes f o r  a specif ied satel l i te  surface 
element. In  cases where temperature calculations are required,  absorbed heat  
fluxes are a l s o  found and QIF'IND i s  cal led t o  determine the  i n t e r n a l  heat  load, 

INTERP f inds values of emissivity, densi ty  or spec i f ic  heat  f o r  a 
specif ied temperature by means of l inear  in te rpola t ion  i n  material property 
tab les  . 

GEOFAC in te rpola tes  i n  tab les  of configuration fac tors  t o  f ind  a 
v a h e  corresponding t o  given o , !de , 8, and a l t i t ude .  For values of these 
parameters outside the range of tabulated en t r i e s ,  t h e  program extrapolates .  
This feature i s  usefu l  f o r  8 grea ter  than 90'. However, i f  t he  f ac to r  fou?d 
r e s u l t s  i n  a negative heat f lux,  subroutine HEAT vi11 replace it by zero. 

QIF'IND determines whether the i n t e r n a l  heat  f o r  the  surface element 
If so, it provides i n  question i s  varied during the in te rva l  of  integrat ion.  

i n i t i a l  and f i n a l  heat loads and the tiine a t  which switching occurs. 

2. Functions: ARCOS f inds the arccosine i n  degrees of t he  argument. 
ARCOS i s  alvays from zero t o  180 inclusive. 

PHIFN i s  the  r a t i o  AT:At of temperature change t o  t i m e  increment as 
calculated from the  nwnerical i n t eg ra t i  cn algorithm. 

FOFXY i s  the derivative of temperature with respect t o  time fo r  a 
given temperature and location i n  orbi t .  

DELTA i s  an auxi l ia ry  function used by ERROR. 

GFN i s  an a u i l i a r y  function used by ERROR. 
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APPENDIX B 

A GUIDE FOR PREPARING DATA CARDS 

Right Use 
J u s t i f y  Decimal 

Columns i n  F ie ld  Point 

01 Cards - Case Number and Out-out Control 

4-8 

10 

3-4 

I 6-8 
I 

11- 18 

19-26 

27 -34 

X 

X 

X 

Case number - must be l e s s  than 32768. 

A code t o  determine whether heat fluxes o r  tempera- 
t u re s  or both a re  t o  be pr in ted  out. Blank or 
zero s igni f ies  heats only; 1 i s  temperatures only; 
2 i s  both. 

02 Cards - Pr in t  Control and Angular In t e rva l  

A code number, NPRINT, t o  cont ro l  pr int ing.  Blanks 
or a 1 cause pr in tout  a f t e r  each i n t e r v a l  
otherwise program p r i n t s  only after NPRINT 
in te rva ls .  

A@; 

A code t o  control  output format. Block output is  
used only i f  these columns contain 359. Columnar 
output i s  used i n  a l l  other  cases. 

X fi0 , the  vehicle posi t ion a t  time zero. 

X A@ , the  basic angular increment between points  
where heat f luxes and temperatures a re  computed. 

X The number of revolutions or f rac t ions  thereof t h a t  
the vehicle i s  t o  make around the planet .  
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Right Us  e 
J u s t i f y  Decimal 

Columns i n  F ie ld  Point 

03 Cards - Planet and Orbit 

4 

5-6 

8 

51-65 

66-80 

4-6 

a 

9 

X 

X 

Planet code - must be from 1 t o  9. Codes and cor- 
responding planets  a r e :  l ,Ear th ,  2.Moon, J . Jupi te r ,  
4.Mars, S.Mercury, G.Neptune, 7.Saturn, S.Uranus, 
9. Venus. 

Blank or  zero means vehicle i s  spinning; lmeans  
it i s  planet-oriented; -1 means it i s  sun-oriented. 

Blank or  zero means planet  temperature i s  constant; 
1 means it i s  variable.  

X a , the  orbi t  semimajor axis .  

X b , the  orbi t  semiminor axis. 

04 Cards - Element Description 

The number used t o  iden t i fy  the element being 
described - must be from 1 t o  200. 

The number of the  emissivi ty  tab le  f o r  the  element 
being described - must be from 1 t o  8.*&l 

The number of the substrate  mater ia l  t ab l e s  f o r  t he  
element being described - must be from 1 t o  8.* 

a/ If an 04 card contains blanks i n  any data  f i e l d  marked with an a s t e r i sk ,  
the  program continues t o  use the value from the  previous case for the  
element i n  question. Absence of an 04 card f o r  a given element causes 
a l l  values from the previous case t o  be car r ied  forward. 

- 
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Right Use 
J u s t i f y  Decimal 

Columns i n  F ie ld  Point 

10 

2.l-18 

19 -26 

27 -34 

35 - 42 

3-4 

6 

11-18 

19-26 

27 -34 

35-42 

43 -50 

X 

X 

04 Cards (Concluded) 

The number of t he  i n t e r n a l  heat  load t a  l e  f o r  the 
element being described - must be from 1 t o  8 . * d  

Angle A '  for  the elelcent being described.* 

Angle h' for  the element being described.* 

To , the  i n i t i a l  temperature, f o r  the  element being 
described.* 

h , the  skin thickness, f o r  t he  element being 
de scribed. * 

05 Cards - Sun Posit ion 

A code t o  s ignal  what type of da t a  i s  used t o  
describe sun posit ion.  I f  t h i s  i s  a 3, then c, 0, 
y are read; i f  it i s  not 3, then i, w, R and 
ephemeris data  are read. 

Blank o r  zero ind ica tes  program i s  t o  compute sun- 
shade points $in and gout; 1 means they are t o  be 
read in .  

i , the  angle of inc l ina t ion ,  unless column 4 con- 
t a i n s  a 3, i n  which case it i s  angle 0.. 

w , the argment of perifocus,  unless column 4 con- 
t a ins  a 3, i n  which case it i s  angle $. 

0 , longitude of the  ascending node, unless column 
4 contains a 3, i n  which case it i s  angle y. 

RA, r i gh t  ascension, unless column 4 contains a 3, 
i n  which case it i s  ignored. 

DEC, declination, unless column 4 contains a 3, 
i n  which case it i s  ignored. 

a/ See Footnote a/ on p. 33. - - - 34 - 



Right U s e  
J u s t i f y  Decimal 

Columns i n  Field Point 

05 Cards (Concluded) 

51-65 

66-80 

4 

5 -6 

11-18 

19-26 

27-34 

35 -42 

43 -50 

51-65 

66-80 

X 

X $in , the  point where the vehicle en ters  the 
p l ane t ' s  shadow. The prograrn ignores t h i s  number 
unless a l i s  punched i n  column 6. 

x $out ' the  point where the  vehicle leaves the 
p l ane t ' s  shadow. The program ignores t h i s  number 
unless a 1 is punched i n  column 6. 

06 Cards - In t e rna l  Heat ( f i r s t  card of t ab le )  

The number of the i n t e r n a l  heat t ab l e  which i s  being 
read i n  - must be from 1 t o  8. 

I f  greater  than zero t h i s  i s  the number of hea t  
values other than the s t a r t i n g  value t o  be read 
i n t o  this table .  If blank or  zero, it signals  that  
the table  has no heat  loads. 

X Q,(O) , the i n i t i a l  heat  load, f o r  the tab le  ind i -  
cated i n  column 4. 

X tl  , time a t  which the f i r s t  change of heat load 
i n  t h i s  table  w i l l  occur. 

X Qg(tl) , heat load value from time tl . 
X t 2  , time at which the  second change of heat load 

i n  this table  will occur. 

Q (t ) , heat load value from t i m e  t 2  . g 2  X 

X t 3  , t i n e  at which the  t h i r d  change of heat load i n  
t h i s  table will occur. 

x ny,(t3) ; heat load value from tine t g  . 
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Right use 
Jus t i fy  Decimal 

Columns i n  F ie ld  Point 

3-10 

kth 06 Continuation Card - In t e rna l  Heat (k=l ,  2,3,4) 

t4k ) tine a t  which the  4kth change of heat  load i n  X 
t ab le  w i l l  occur. 

Sl-18 X ~ ~ ( t ~ k )  , heat  load value from t i m e  t 4k  . 
19-26 X t4k+l  , time a t  which the 4k+l change of heat  

load i n  t h i s  t ab le  w i l l  OCCUT. 

27 -34 X ~ ~ ( t ~ ~ + ~ )  , heat load value from t i m e  t&+l . 
35 -42 X t&+2 , time at  which the  4k+2 change of heat load 

i n  t h i s  table w i l l  occur. 

43 -50 X ~ ~ ( t g k + 2 ) ,  heat load value from time t4k+2 . 
51-65 X t4k+3 , time a t  which the  4k+3 change of heat  load 

i n  t h i s  table  w i l l  occur. 

66-80 X Qg(tqk+3) , heat  load value from t i m e  t4k+3 . 

07 Cards - Element Count 

4-6 X The number of spacecraft  surface elements f o r  
which temperatures and/or heat  f luxes are t o  be 
found . 
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Planet 
Code 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Planet 

Earth 
Moon 
Jup i t e r  
Mars 
Mercury 
Neptune 
Saturn 
Uranus 
Venus 

APPENDIX C 

PLANET DATA USED BY THE  PROGRAM^ 
Distance 
from Sun 

( f t )  

48. 89x1010 
48.89~1010 
255.3~1010 
74.81x1010 
19.03~1010 
1475. ~ 1 0 1 0  
467. 9x1010 
941. 3x1010 
3 5 . 4 3 ~ 1 0 ~ ~  

Radius 
(ft) 

20.9x106 
5.702x106 
229. 3x106 
10.87~106 
8. 151X1O6 
81.5 1x106 
188.7~106 
83. 6x106 

2 0 . 3 4 ~ 1 0 ~  

Albedo 

.39 

.053 

.51 

.148 

.058 

.62 

.50 

.66 

.76 

141. x1~14 

i5.20~1014 

1. 73x101* 
44900. x1014 

7 . 6 6 ~ 1 0 ~ ~  
2435 .xlO1* 

13450. x i0 l4  
2058. x1014 
114. 8x1Ol4 

Cold Side 
Temp. p / 

18 6 /8L - 5/ 
50 a/Y- a/ 

200 365- 6 1  

10 / o Y  
50 60- 2/ 

50 / 3 S Y  
50 819 

200 450- ?/ 

I 

6. Page 37 - Add t h e  following footnote: b! Cold s ide  temperatures a r e  
u t i l i z e d  only by the  var iable  temperature method, which was developed 
espec ia l ly  f o r  c e l e s t i a l  bodies that have a negl ig ib le  atmosphere (eg. 1 

If t h i s  method is used f o r  other bodies, t he  predicted t e m -  
perature  gradients w i l l  be too l a rge  due t o  neglect of conduction and 
convection by t h e  atmosphere. The program makes some compensation by 
employing "adjusted" cold side temperatures. 

-- t he  moon). i 1 
, I 

4 "Distance from Sun" and moon's mass data  from Fowle. /  Radius, mass and 

albedo data  from Ehricke,?/ except the moon's albedo spec i f ied  by NASA 
Pro jec t  Engineer. 
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APPENDIX D 

THE SUN'S POSITION - SAMPLE CALCULATIONS 

The posi t ion of the sun can be expressed, with respect t o  the planet  
coordinate axes Xp , Yp , Zp i n  terms of a , B , and y as shown i n  Fig. 7 
of the  F ina l  Report. These data  can e i the r  be read i n  d i r e c t l y  as input data 
O r  they can be calculated by the program from five input var iables ,  0 , w , i , 
RA and DEC. 

The angles RA and DEC, which are i l l u s t r a t e d  i n  Fig. 6 of t he  Final  
Sample Report, can be obtained from an ephemerides f o r  each day of the  year. 

calculat ions for ear th,  a planet (Mars), and the  moon are i l l u s t r a t e d  below f o r  
2 July 1963 using the  American Epheneris and Nautical A l m a n a c .  

For ear th ,  RA and DEC a re  determined from apparent r i g h t  ascension 
and apparent decl inat ion data. 
D - 1  i n  hours, minutes, and seconds where 24 hours i s  equivalent t o  360'. 

These data are tabulated a t  the top of Fig. 

Accordingly, 

I and 

For a planet  other than earth,  longitude and l a t i t ude  da ta  a re  used. 
The da ta  for  Mars given i n  the middle of Fig. D-1 a re  converted as follows: 

RA = 200"20'43.5''+180" e 380"21' x 20'21' 
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SUN, 1963 
FOR Oh EPHEMERIS TIME 

I I 
Apparent 

Date 1 Right Ascension Radius Vector I Apparent 
Declination 

Semi- 
diameter 

, #  

I5 45.40 
I5 45’39 
15 45.38 
I C  . 

J dian 
Date 

27 

Radius Orbital 
Longitude Latitude Vector Longitude 

Equation 
of Time 

Apparent - Mean 

0 , .  

617 224 
613 476 

8220.5 204 04 01.7 o 47 17.3 609 611 
8224.5 205 56 29.1 o 43 58.7 6 0 5  635 - -  

‘0  30 .2  - ‘%l S A 0  

... 

0 

200.33278 
202.18981 
204.05563 
205-930CC 

MARS, 1963 I73 
HELIOCENTRIC POSITIONS FOR Oh EPHEMERIS TIME 

MEAN EQUINOX AND ECLIPTIC OF DATE 

Date 

July 2 
6 
IO 

14 

Daily 
Motion 

0 

0.463 189 
-465 342 
-467 579 
.rdq 896 

Orb. 
Lat. 

r. 

4-0.02 
-01 

+ -01 
S O 0  

- .OI 

314 

Date 

July 1 
2 
3 
4 
5 

MOON, 1963 

EPHEMERIS FOR PHYSICAL OBSERVATIONS 
FOR O h  UNIVERSAL TIME 

Position Angle of Frac. 
tion 

Illumi- 
Axis Bright Limb nated 

The Earth’s Physical The Sun’s 
Selenographic Libration Selenoflaphic 

- -- 

Fig. D - 1  - Ephemeris Data Required for RA and DEC Sample Calculations 
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For the moon, colongitude and latitude are used. The data at the 
bottom of Fig. D - 1  are transformed as follows: 

RA = 90"-colongitude % 90'-34.71' w 55O29' 

DEC = latitude M -0.35" 
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